statement: Notch/Delta-mediated lateral inhibition in cell pairs can result in symmetric signalling depending on the activation threshold, which can modulate cell-fate decisions depending on contact area. Abstract 1 Cell fate determination by lateral inhibition via Notch/Delta signalling has been 2 extensively studied. Most formalised models consider Notch/Delta interactions 3 in fields of cells, with parameters that typically lead to symmetry breaking of 4 signalling states between neighbouring cells, commonly resulting in salt-and-5 pepper fate patterns. Here we consider the case of signalling between 6 isolated cell pairs, and find that the bifurcation properties of a standard 7 mathematical model of lateral inhibition can lead to stable symmetric 8 signalling states. We apply this model to the adult intestinal stem cell (ISC) of 9 Drosophila, whose fate is stochastic but dependent on the Notch/Delta 10 pathway. We observe a correlation between signalling state in cell pairs and 11 their contact area. We interpret this behaviour in terms of the properties of our 12 model in the presence of population variability in signalling thresholds. Our 13 results suggest that the dynamics of Notch/Delta signalling can contribute to 14 explain stochasticity in stem cell fate decisions, and that the standard model 15 for lateral inhibition can account for a wider range of developmental outcomes 16 than previously considered.
Introduction 18
The Notch/Delta signalling pathway is one of the main regulators of cellular 19 differentiation during development and adult tissue maintenance (reviewed in 20 (Artavanis-Tsakonas et al., 1999; Ehebauer et al., 2006; Koch et al., 2013) . It 21 often drives mutually inhibitory interactions between cells, acting as a gate for 22 differentiation. This mode of action has been termed lateral inhibition, and has 23 been the object of experimental study as well as mathematical formalisation 24 for decades (see, for instance, Othmer and Scriven, 1971; Collier et al., 1996; 25 Sprinzak et al., 2011; Petrovic et al., 2014) . Quantitative models of lateral 26 inhibition usually involve a field of cells expressing initially similar amounts of 27 the receptor Notch and its membrane-bound ligand Delta. Delta trans- 28 activates Notch in neighbouring cells and Notch, once activated, reduces in 29 turn the ability of the cell to signal through Delta, leading to a state of mutual 30 repression. This symmetry (and cell fate equivalence) is eventually broken by 31 enforced biases and/or stochastic variation in Notch/Delta levels (Collier et al., 32 1996; Plahte, 2001; reviewed in Simpson, 2001) resulting in extended fine- 33 grained spacing patterns (Othmer and Scriven, 1971; Collier et al., 1996 ; see 34 also Shaya and Sprinzak, 2011) that have been experimentally characterized 35 in depth in real developmental systems (reviewed in Greenwald, 1998; Arias 36 and Stewart, 2002) . In contrast, little attention has been paid so far to the 37 effect of lateral inhibition in isolated cell pairs, beyond the trivial expectation 38 that symmetry breaking will eventually take place, leading to cells taking 39 opposing fates (see for instance, Collier et al., 1996; Rouault and Hakim, 40 2012) . However there has been no formal investigation of whether alternative 41 steady states are possible, perhaps due to the lack of an experimental model 42 to relate it to. 43 The cellular homeostasis of the adult Drosophila midgut can provide this 44 experimental scenario, as in this tissue Notch/Delta signalling occurs mostly in 45 isolated pairs of cells (Ohlstein and Spradling, 2006; de Navascués et al., 46 2012; Goulas et al., 2012) (Fig.1A) . The fly's intestinal lining is maintained by 47 intestinal stem cells (ISCs), which divide to both self-renew and provide 48 4 committed progenitors. Progenitors specialise in producing either nutrient- 49 absorbing enterocytes or secretory enteroendocrine cells (Micchelli and 50 Perrimon, 2006; Ohlstein and Spradling, 2006; Zeng and Hou, 2015; Guo and 51 Ohlstein, 2015). The precursors of enterocytes, called enteroblasts (EBs) are 52 frequently found forming pairs with ISCs ( Fig. 1A,B ). These pairs are thought 53 to result from an earlier division of an ISC and subsequent fate allocation by 54 Notch signalling, before a new division or terminal differentiation event takes 55 place (Goulas et al., 2012; de Navascués et al., 2012) . Importantly, ISC 56 divisions in the enterocyte lineage result in either asymmetric fate (one ISC 57 and an EB), or symmetric self-renewal (two ISCs) or differentiation (two EBs), 58 which globally result in balanced, homeostatic proportions (de Navascués et 59 al., 2012) ( Fig. 1C-E ). This mode of tissue maintenance, whereby the balance 60 between stem cell self-renewal and differentiation is achieved at the 61 population level rather than within every stem cell lineage, is termed neutral 62 competition (Klein and Simons, 2011) and is found in a growing number of 63 self-renewing adult tissues (Simons and Clevers, 2011) . While no molecular 64 mechanism has been fully elucidated so far for any case of neutral 65 competition, in the fly gut it has been proposed to arise from lateral inhibition 66 mediated by Notch/Delta (de Navascués et al., 2012) , a pathway known to 67 define the fate of the ISC offspring (Ohlstein and Spradling, 2006; Micchelli 68 and Perrimon, 2006; Bardin et al., 2010) . 69 Here we explore the capacity of a standard model of lateral inhibition acting in 70 pairs of interacting cells to result in steady states with different signalling 71 states (either symmetric or asymmetric) coexisting in the tissue. We find that 72 this is indeed possible, provided there is population-wide variation of signalling 73 thresholds. Next, we turn to the Drosophila midgut and find that the tissue 74 displays high variability of contact area between pairs of ISC/EB cells, which 75 can be associated to an effective heterogeneity in signalling thresholds 76 between pairs of cells. When contrasting this variability with the distribution of 77 fate combinations in pairs of ISC/EB cells, we find a correlation between 78 contact area of specific cell pairs and their fate profile. Moreover our model is 79 5 able to reproduce the distribution of fate outcomes given the contact area 80 distribution. 81 Our results expand the repertoire of possible outputs of a system governed by 82 lateral inhibition, and connect this mode of signalling with a mode of stem-cell 83 based tissue maintenance (neutral competition) that is highly relevant in adult 84 tissue homeostasis and tumourigenesis (Simons and Clevers, 2011; 85 Vermeulen et al., 2013; Baker et al., 2014) , and whose molecular regulation is 86 poorly understood.
87

Materials and Methods
88
The model: lateral inhibition mediated by Notch-Delta interaction 89 We consider that the rate of Notch activation in a cell is an increasing function 90 of Delta concentration on its neighbour (signalling), and that the rate of Delta 91 expression is a decreasing function of the level of activated Notch in the same 92 cell (inhibition). We represent these interactions by means of a standard 93 mathematical model of Notch/Delta signalling (Collier et al., 1996) between 94 pairs of cells, which is given by: (1996) we rewrite Eqns 1-4 in dimensionless form as:
The parameter is the ratio between the degradation rates of Delta and 114 Notch, δ D /δ N . and are the dimensionless thresholds for Notch activation by 115 Delta in the neighboring cell, and Delta inhibition by Notch in the same cell, 116 respectively,
118 and are referred to as the activation and inhibition thresholds, and their 119 values set the location of the half-maximal points of the Hill functions in Eqn 6. 120 Steady states and cell fate identification 121 The system of equations from Eqn 6 has a homogeneous steady state in 122 which Notch and Delta have the same values in the two cells:
This state corresponds to a situation in which both cells in the pair have the 125 same fate. The stability boundary of this homogeneous steady state can be 126 calculated using standard methods (Collier et al., 1996) , and is represented by 127 a dotted grey line in Fig 
Results
205
Lateral inhibition can result in stable, opposing symmetric signalling states 206 We study the steady-state behaviour of a standard model of lateral inhibition 207 for the case of two cells (see Methods). The steady states of this system 208 depend on two parameters, and (the dimensionless activation and 209 inhibition thresholds, respectively; see Methods), which we allow to vary 210 across the population of cell pairs. We then calculate the equilibrium state of irregular shapes and variable contact area (Fig. 3A) . In the Notch/Delta 252 system the amounts of Notch and Delta are usually limiting, and this seems to 253 hold true for the adult Drosophila gut, where haploinsufficiency has been 254 described (Biteau et al., 2008; de Navascués et al., 2012) . Therefore, it is 255 expected that variations of ~2-fold or more in contact area would lead to 256 significant changes in the levels of Notch activation. This is captured in the 257 model by the dimensionless activation threshold a, which can be assumed in a 258 first approximation, following Eqn 7 above, to be inversely related with the 259 contact area (the larger the contact area, the easier it is for Delta to activate 260 Notch, and thus the smaller the activation threshold). As shown in Fig We could not find any strong pattern in the variations of Notch 278 immunodetection intensity within confocal planes, and it would only seem that 279 Notch is slightly enriched at the boundary between two esg + cells (Fig. 3B) . 280 This indicates that Notch concentration is largely independent of the position 281 at the membrane along the cell perimeter, and in particular along the contact 282 between esg + cells. Moreover, the localisation of Notch along the apical-basal 283 axis of the cells is also largely homogeneous. This is manifest in the small 284 variation in the average amounts of Notch between different optical planes 285 (Fig. 3D) , and in the narrow distribution of mean values per plane, with low 286 values of coefficients of variation per plane, of Notch intensity values ( Fig.   287 S3B,D). Therefore, the contact area between cells is a good approximation to 288 the total amount of Notch receptor available for signalling. 289 We note that Arm largely parallels Notch localisation at the membrane (Figs.
290
3C,E and S3A,C) but shows a stronger enrichment at the boundary (Fig. 3C) , 291 in agreement with previous reports (Maeda et al., 2008) . Incidentally, these 292 results also reveal that neither Arm nor Notch are restricted to the apical 293 domain in the midgut epithelium, and instead can be found in similar amounts 294 along the apical-basal axis of the membrane in ISCs and EBs (Fig. 3D-F) . 295 This situation contrasts with Arm and Notch distribution in other Drosophila 296 epithelia (Tepass and Hartenstein, 1994; Tepass et al., 2001) . 297 Taken together, our results suggest that Notch receptor is randomly 298 distributed in the cell membrane, which suggests that measurements of 299 membrane contact area may be relevant to the dynamics of Delta-Notch 300 signalling as a proxy for the activation threshold a in our model.
301
Correlation of contact area values and cell fate profiles 302 We have shown that contact area can be used as a measure of the amount of 303 Notch available for interaction with Delta. We thus measured contact area in 304 508 pairs of esg + cells with both symmetric (ISC-ISC and EB-EB) and 305 asymmetric (ISC-EB) fates ( Fig. 1D-E) ; these pair classes have been 306 described in (de Navascués et al., 2012; Goulas et al., 2012) . We found the 307 contact area in these pairs to be highly variable, ranging from just around 308 13 1µm 2 to over 60µm 2 (Fig. 4A) and with a high coefficient of variation (0.52). 309 This degree of variability indicates that contact area has the potential to be a 310 regulatory mechanism of the system (through its influence on the 311 dimensionless activation threshold a). (Fig. 4B ). We found that on average, the contact area between ISC-317 ISC (11.59 ± 0.73 µm 2 ; mean ± standard error of the mean) is clearly smaller 318 than those of ISC-EB (17.68 ± 0.42 µm 2 ) and EB-EB pairs (21.6 ± 2.76 µm 2 ).
319
This is also clear when considering the distribution of sizes for each pair type 320 and confirmed by the Kolmogorov-Smirnov test (Fig. 4C ). From these results 321 we take that ISC-ISC pairs have a significantly smaller contact area than the 322 other two fate profiles. (Fig. 4D) . The best fit 342 (Table 1) is obtained with b=0.19 and c=18 (H=0.3×10 −3 , black dot in Fig. 4D ).
343
By mapping A input values (Fig. 4A) for b=0.19 and c=18 to the model phase 344 diagram (horizontal line in Fig. 2A ), one finds that ISC-ISC pairs occur at the 345 lowest values of contact area, in good agreement with our experimental 346 observations ( Fig. 4B-C) . In this region of the parameter space, EB-EB and (1996) was to identify the 389 mathematical condition for symmetry breaking. We explore this condition 390 further and determine systematically the contribution of the signalling 391 thresholds a and b to the condition of stability ( Fig. 2A) . It would also be 392 interesting to explore how variation in the cooperativity of the Notch trans-393 activation or Delta inhibition (parameters r, h) affect the capability of the 394 system to arrive to symmetric or asymmetric steady states, as seen recently in 395 Turing patterns (Diambra et al., 2015) . 396 Our work considers the contact area between cells engaged in signalling as , 2011; Kim et al., 2011; Silvis et al., 2011) . In a system such as the 402 posterior midgut, where some differentiated cells are much larger than their 403 progenitors (see Fig. 1A the tissue for tumour initiation (Alcolea et al., 2014) . 
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Figure Legends
